Environmental context. Secondary organic aerosols account for a major fraction of atmospheric particulate matter, affecting both climate and human health. Organosulfates, abundant compounds in organic aerosols, are difficult to measure because of the lack of authentic standards. Here we quantify terpene-derived organosulfates in atmospheric particulate matter at a rural site in Germany and at the North China Plain using a combined target/non-target high-resolution mass spectrometry approach.
Introduction
Atmospheric aerosol particles have major implications for air quality (von Schneidemesser et al. 2015) , human health (Davidson et al. 2005; Lelieveld et al. 2015) , visibility (Wang et al. 2009 ), Earth's climate and the environment (IPCC 2013) . A large fraction of these aerosol particles is made up of low-and semi-volatile oxidation products of terpenoid compounds (Farina et al. 2010) , which are globally emitted in large quantities into the atmosphere. Through condensation or nucleation, such oxidised organic compounds form secondary organic aerosols (SOAs), which commonly contribute up to 50À85 % of the organic fraction of ambient aerosol particles (Glasius and Goldstein 2016) . Among these compounds, organosulfates (OSs) have been found to be ubiquitously abundant in ambient aerosol particles (Brüggemann et al. 2017; Iinuma et al. 2007a; Kristensen and Glasius 2011; Riva et al. 2016b; Surratt et al. 2008) .
Previous studies have shown that OSs are typically formed from acid-catalysed multiphase reactions between reactive organic compounds (e.g. epoxides) and an acidic sulfate aerosol (Iinuma et al. 2007a (Iinuma et al. , 2007b Surratt et al. 2008 Surratt et al. , 2010 . Several laboratory studies focussed on OS formation mechanisms from a variety of biogenic as well as anthropogenic volatile organic compounds, which include isoprene (Riva et al. 2016b; Schindelka et al. 2013; Surratt et al. 2010) , monoterpenes (MTs, Iinuma et al. 2007a , 2007b Surratt et al. 2008) , pinonaldehyde (Liggio and Li 2006) , sesquiterpenes (SQTs, Chan et al. 2011) , unsaturated aldehydes (Shalamzari et al. 2016) , and polycyclic aromatic hydrocarbons as well as alkanes (Riva et al. 2016a) . Moreover, direct formation of OSs from reactions of gaseous SO 2 with fatty acids (Passananti et al. 2016) and limonene-derived Criegee intermediates were reported (Ye et al. 2018) . In addition to aerosol acidity, liquid water content (LWC) was shown to play a key role in OS formation, as demonstrated by studies on the aqueous-phase and heterogeneous OS formation mechanisms (McNeill 2015; McNeill et al. 2012) . As well as the laboratory studies, a large number of such OS species has also been found in ambient aerosol particles collected at remote, urban, forested, marine and arctic sampling sites (Brüggemann et al. 2017; Glasius et al. 2018b; Iinuma et al. 2007a ; Kristensen and Glasius 2011; Ma et al. 2014; Mutzel et al. 2015; Surratt et al. 2008) , which supported the proposed formation of OSs from mixed biogenic and anthropogenic emissions, and established OSs as SOA marker compounds.
However, the total amounts of OSs in ambient aerosol are still unclear. In particular, uncertainties in the concentrations of specific and total OSs commonly arise from a combination of (1) a lack of authentic standards; and (2) the presence of unknown and yet unidentified OSs. Nonetheless, to assess the atmospheric relevance of OSs and the possible implications for the underlying chemical and physical processes, a comprehensive identification and quantification in ambient aerosol particles are essential.
Previous studies on the detection and identification of OSs have mostly relied on mass spectrometry (MS) in combination with electrospray ionisation (ESI) (Iinuma et al. 2007a ; Kristensen and Glasius 2011; Riva et al. 2016a; Surratt et al. 2008) . In contrast to the rather harsh ionisation methods, such as electron ionisation, ESI typically yields major signals for protonated ([MþH] þ ) or deprotonated ([M-H] À ) molecular ions with positive and negative polarity respectively. The low degree of fragmentation upon ionisation aids tremendously in interpreting the obtained mass spectra, and commonly allows the identification of single compounds. Because of this facilitation of data interpretation, ESI has also been applied in a large number of studies using high-resolution MS techniques, e.g. Orbitrap MS and Fourier-transform ion cyclotron resonance MS, for identification of OSs (Altieri et al. 2009; Blair et al. 2017; Tao et al. 2014; Wang et al. 2018b ). The high mass resolution and mass accuracy of the applied MS techniques (i.e. typically resolution (R) . 100k, Dm/z , 5 ppm) enable the assignment of molecular formulas (MFs) to unknown compounds, and thus, the identification of potential OSs. Therefore, such high-resolution MS (HRMS) studies have typically reported rather long lists of MFs of potential OSs from field and laboratory studies. However, since mostly no pre-separation of sample compounds was applied, substances with the same MF appear as one signal, thus, impeding the identification of structurally different OS isomers. Additionally, no quantitative data could be obtained in such studies, since ionisation efficiencies can largely deviate even for compounds belonging to the same compound class (Kruve and Kaupmees 2017) . Hence, mass concentrations do not necessarily correlate with ion signal intensities in such approaches.
Other studies on OSs in ambient organic aerosols (OAs) have commonly separated compounds before ESI-MS using separation techniques, such as liquid chromatography (LC) (Iinuma et al. 2007a (Iinuma et al. , 2009 Kristensen and Glasius 2011; Surratt et al. 2007; Yttri et al. 2011 ). Using authentic OSs or surrogate standards, these studies have reported concentrations of specific OSs, e.g. for single isoprene OSs and monoterpene OSs (MT-OSs). However, given the low resolution of the applied mass spectrometers (e.g. quadrupole MS), the identification of yet unknown OSs was tedious and challenging.
Nonetheless, more recent studies have shown that, in particular, the application of new developments in separation techniques, such as hydrophilic interaction LC (also referred to as HILIC), can substantially increase the number of detectable isoprene OS and facilitate their identification and quantification (Cui et al. 2018; Hettiyadura et al. 2015 Hettiyadura et al. , 2017 Hettiyadura et al. , 2019 .
So far, only a few studies on SOA components have attempted to combine the advantages of state-of-the-art HRMS, such as Orbitrap MS, with classical liquid separation techniques (Vogel et al. 2016; Wang et al. 2018a Wang et al. , 2017a Wang et al. , 2016 . One of the main reasons for the rather low number of such studies is probably the tedious and non-routine analysis of large amounts of data acquired from LC-HRMS measurements. The detection and identification of yet unknown compounds in so-called nontarget analyses and suspect screenings, are typically unmanageable manually and requires the application of computer-assisted data analysis software, led by algorithms, which search for significant signals in the dataset. Nonetheless, in recent years, a large number of proprietary and open-source data processing algorithms, e.g. XCMS and MZmine 2 (Blaženović et al. 2018; Pluskal et al. 2010 Pluskal et al. , 2012 , have been developed, which facilitate untargeted data analysis approaches.
In the present study, we make use of these recent developments and applied LC-ESI-HRMS for the untargeted detection and identification of known and yet unknown OSs in PM 10 particulate matter from Germany and China. In particular, we acquired data in different scan modes of a Q Exactive Plus Orbitrap MS that allowed us to combine data from high mass resolution spectra (R ¼ 280k) with collision-induced fragmentation spectra from specific and all molecular ions (i.e. data-dependent MS/MS and all-ion-fragmentation). Significant signals in the dataset were then selected by an optimised non-target workflow. Assignment of MFs to the detected compounds was based on isotopic patterns and fragmentation predictions using in-silico identification software (SIRIUS, Dührkop et al. 2013) , which yielded MFs with a high accuracy. Among these compounds, terpenoid OSs were identified and quantified using authentic and surrogate OS standards.
Experimental
Chemicals and synthesised compounds Three MT-OSs (2-hydroxy-a-pinene OS, 2-hydroxy-carene OS, and limonaketone OS) and one SQT-OS (2-hydroxy-bcaryophyllene OS) were synthesised using a synthetic strategy that involved diastereoselective dihydroxylation of the corresponding MT or SQT to produce a diol, followed by sulfation using a sulfur trioxide-pyridine complex (SO 3 Á py) to obtain the O-monosulfate products. A purity of .99 % (i.e. measured by nuclear magnetic resonance; 1 H-and 13 C-NMR) was obtained for the synthesised OS compounds. The detailed synthesis procedure has been described previously by Wang et al. (2017b) . Furthermore, the NMR spectra will also be discussed in a forthcoming publication (Wang et al. 2019, in preparation) . Extracted ion chromatograms of all standards are shown in Fig. S1 (Supplementary Material). All synthetic standards were stored in the dark at #4 8C.
Field site description and filter sampling Samples were taken at the Leibniz Institute for Tropospheric Research (TROPOS) research station Melpitz (51.52 8N, 12.93 8E; MEL), Germany, and in Wangdu (38.66 8N, 115.20 8E) , China. MEL is a rural background site, ,50 km north-east of the city of Leipzig and can be considered to be representative of the Central European regional background (Spindler et al. 2013) . Wangdu is located 170 km south-west of Beijing. The sampling site was situated ,5 km south-east of Wangdu town in an open field surrounded by farmland. It was part of the CAREBeijing-NCP 2014 campaign and is regarded as a regional background site in the North China Plain (NCP). For more detailed information on the conditions at the sites, we refer the readers to previous publications (Kecorius et al. 2017; Spindler et al. 2013; Teich et al. 2014 ). Sampling of PM 10 was performed on quartz fibre filters (MK 360, Munktell, Sweden) with a Digitel DHA-80 high volume filter sampler at a flow rate of 0.5 m 3 h
À1
. Prior to sampling, the filters were pre-baked for 24 h at 105 8C. At MEL, samples were taken between 06 and 29 May 2014 from 07:00-17:00 Central European Time (CET, daytime) and 19:00-05:00 CET (night-time), while sampling at Wangdu was between 4 June and 5 July 2014 from 06:00-18:00 China Standard Time (CST, daytime) and 18:00-06:00 CST (night-time). After sampling, all filters were stored in clean aluminium tins at À20 8C. A complete list of sampling dates and times for MEL and NCP is given in Table S1 (Supplementary Material).
Sample preparation and analysis
We attempted to reduce the chemical modifications in the sample composition upon sample preparation. Therefore, the extraction procedure of the filter samples was kept as simple as possible. A circular cut-out of each filter sample (diameter ¼ 35 mm) was cut into pieces, transferred into a 4-mL brown glass vial, and 1 mL of ACN/H 2 O (1 : 1) was added. Subsequently, the samples were agitated at a speed of 1000 rpm for 30 min. Finally, the extracts were filtered using a syringe filter (pore size ¼ 0.2 mm, Acrodisc GHP membrane, Pall Corporation) to remove any suspended particulate material that would clog the LC column.
The analysis of the samples was carried out using an ultra-high performance liquid chromatography (UHPLC) system (Vanquish Horizon, ThermoFisher Scientific) equipped with a C18 column (Acquity HSS T3, 1.8 mm, 2.1 Â 100 mm, Waters). A solution of ultrapure water with 0.1 % formic acid (eluent A) and a solution of acetonitrile with 0.1 % formic acid (eluent B) served as eluents. At a column temperature of 30 8C and a flow rate of 0.3 mL min À1 , the following gradient was used for compound separation: 5 % B at 0 min, 5 % B at 1.0 min, 100 % B at 16.0 min, 100 % B at 18.0 min, 5 % B at 18.1 min, 5 % B at 21 min.
The LC effluent was directed to a high-resolution Orbitrap mass spectrometer (Q Exactive Plus, Thermo Fisher Scientific) equipped with an ESI source operated in the negative mode (3.5 kV). For the untargeted detection of OSs, each sample was measured once in full scan mode (m/z 50-750, R ¼ 280k at m/z 200), and twice in data-dependent MS 2 mode (ddMS2, top 5, stepped collision energies of 15y30y45 eV, m/z 50-750, R ¼ 70k full scan/17.5k in MS 2 ). Additionally, to unambiguously identify the potential OSs from their characteristic HSO 4 À fragment (m/z 96.9601), each sample was measured in triplicate in the all-ion-fragmentation mode (AIF, normalised collision energy of 35, m/z 50-750, R ¼ 70k full scan/17.5k in MS 2 ). Prior to each measurement sequence, the mass spectrometer was calibrated using a series of sodium acetate clusters, which commonly yield a mass accuracy of ,3 ppm. Moreover, calibration and quality assurance samples were added to each sequence, which contained a total of 29 common MT oxidation products and OSs at seven different concentration levels between 0.024-140 mg L À1 (Table S6 , Supplementary Material).
Subsequently, we used these samples to quantify OSs and MT oxidation products, and further, to assess the performance of the automated non-target workflow. Additionally, all filter samples were analysed for organic carbon (OC) and elemental carbon (EC) concentrations using a thermal-optical method following the EUSAAR2 protocol (Cavalli et al. 2010 ) and a range of water-soluble inorganic ions by ion chromatography with a conductivity detector, as described by Fomba et al. (2014) .
Data analysis
As the first step, we analysed all LC-HRMS data obtained in full scan and ddMS2 modes in an untargeted approach using the open-source software package MZmine 2.35 (http://mzmine. github.io; Pluskal et al. 2010 Pluskal et al. , 2012 . After optimisation of the corresponding parameters, the automated workflow was composed of: signal detection in MS and MS/MS spectra, filtering of shoulder peaks in the mass spectra, chromatogram building, chromatogram deconvolution, grouping of isotopes, adducts and complexes, and retention time alignment. Additionally, MFs were assigned using the SIRIUS module, which considers isotopic patterns and MS/MS fragmentation spectra during formula prediction of detected compounds (Dührkop et al. 2013 ). We applied the following constraints for the MF assignments:
3 and X/C # 1. LC-HRMS data, obtained in the AIF mode, were scanned for peaks in HSO 4 À fragment ions (m/z 96.9601) using a reduced version of this workflow. A detailed list of all steps and parameters is given in the Supplementary Material (Table S7 , Supplementary Material). In general, for all automated data processing steps, we used a maximum tolerance in m/z signals of 3 ppm or 5 Â 10 À4 Da, and a maximum tolerance of 0.1 min for deviations in retention times (RTs) of LC peaks.
Aligned peak lists from the untargeted peak picking workflow were further processed in Matlab (R2017a, Mathworks Inc., USA). First, the SIRIUS prediction score of the assigned MFs was checked and all compounds with a score ,1 were removed from the dataset. Furthermore, detected compounds with the same MF, which matched in m/z ratios and RTs within the defined tolerances (i.e. Dm/z # 5 ppm and # 5 Â 10 À4 Da, DRT # 0.1 min), were combined. The tolerances were based on the experimental findings for typical LC retention time shifts and, in terms of mass accuracy, slightly larger than the optimal 3 ppm to avoid overestimations of lower molecular weight compounds. Data from standard samples were checked for the detection of the expected standard compounds, to assure an accurate detection and identification of compounds by the automated workflow. Commonly, 80-90 % of the standard compounds were retrieved and exhibited a correct MF in the obtained peak lists. The remaining 10-20 % of the missing compounds were manually checked, and were mostly overlooked by the algorithm owing to peak areas below or close to the detection limit in the very dilute calibration solutions. To account for any blank values from the filter material or the sampling process, subsequently, all peak areas from the blank samples were subtracted three times from the corresponding peaks in the field samples. Peaks detected only once in the triplicate measurements or exhibiting peak areas below 10 4 a.u. were removed from the dataset. The remaining peaks from the triplicate measurements were combined to give average peak areas for each compound in each sample. Lastly, the elemental ratios, ring double bond equivalents (RDBE) and aromaticity equivalents Xc (Wang et al. 2017a; Yassine et al. 2014 ) of the assigned MFs were calculated.
In addition, the calibration curves for a variety of MT oxidation products (i.e. terebic acid, MBTCA, terpenylic acid, transnorpinic acid, pinic acid, diaterpenylic acid acetate (DTAA), norpinonic acid and pinonic acid) and authentic OSs (i.e. a-pinene OS, 3-carene OS, limonaketone OS and b-caryophyllene OS) were obtained using Xcalibur 4.1 (ThermoFisher Scientific, USA) from the peak areas of the corresponding [M-H] À ion signals in the full scan mode (m/z 50-750, R ¼ 70k).
Results and discussion

General composition of the organic fraction of PM 10
From the untargeted data analysis of the high-resolution LC-MS dataset, we attempted to obtain a qualitative overview on the chemical composition of the organic aerosol fraction of the PM 10 samples. Fig. 1 displays the total number of individual compounds composed of CHO, CHON, CHOS, and CHONS detected at MEL (panel a) and NCP (panel b). Additionally, the total number of all other assigned MFs was summed (i.e. compounds made of CH, CHN, or phosphorous-and halogencontaining). Overall, for the MEL samples, 3085 individual compounds (i.e. an assigned MF at a certain retention time) were observed. Among these compounds, CHO and CHON compounds accounted almost equally for roughly 33 % and 36 % of all MFs respectively. Sulfur-containing compounds were summed to 9.6 % of all detected compounds, with 5.5 % and 4.1 % for CHOS and CHONS respectively. Lastly, 22 % of all MFs were assigned to the other categories. The inter-day variability for the distribution of MFs into these classes was typically ,5 %, and in general, rather constant throughout the measurement period ( (Tables S2 and S3 , Supplementary Material). We note that all of the five CH and twelve CHN compounds were aromatic, which might have supported the ESI of these otherwise poorly ionised MF classes in the negative mode. Nonetheless, because of their relatively small contributions of ,0.17 % and ,0.39 % respectively, no further experiments were conducted using positive mode ESI to support the existence of these compounds.
Out of the 171 CHOS, we identified 148 compounds as potential OSs by checking the O/S ratio of the assigned MFs (i.e. O/S $ 4 for OSs) and the detection of a peak for the characteristic HSO 4 À fragment ions (m/z 96.9601) at the same LC retention time in the AIF MS/MS spectra. Moreover, depending on the number of carbon atoms and the absence of aromaticity (i.e. Xc , 2.5, Yassine et al. 2014) , we assigned 8 of these OSs to isoprene-derived OSs (i.e. C 4 and C 5 ), 52 compounds to MT-OSs (i.e. C 9 and C 10 ), and 17 compounds to SQT-OSs (i.e. C 14 and C 15 ). Thus, ,47 % of all detected OSs were assigned to terpenoid compounds for the MEL samples (Table S2 , Supplementary Material). The predominance of MT-OSs and SQT-OSs that were directly formed from their terpenoid precursors (i.e. C 10 and C 15 ) was further supported by the distribution of carbon numbers among all identified aliphatic OSs, which showed maxima for C 9 -C 10 and C 14 -C 15 OS (Fig. S3 , Supplementary Material).
For the NCP samples, the total number of all MFs was ,10 % larger than for the MEL samples, and yielded 3348 individual compounds. Again, CHO and CHON compounds accounted almost equally for ,28 % and 31 % of all MFs respectively. Similarly, the other assigned MFs accounted for ,22 %. However, compared with the MEL samples, the total number of CHOS and CHONS compounds was doubled, and contributed roughly 10 % and 8.0 % to all observed compounds respectively. Similar to the MEL samples, the inter-day variability for the average composition of MFs in NCP was typically ,5 % and relatively constant during the measurement period (Fig. S4,  Supplementary Material) .
By applying the O/S $ 4 restriction and parallel HSO 4 À fragment ion detection from AIF MS/MS data, we identified 287 potential OSs out of the total 345 CHOS compounds. Furthermore, using the aromaticity and carbon number restrictions as for the MEL samples, we assigned 12 of these OSs to isoprenederived OSs (i.e. C 4 and C 5 ), 54 compounds to MT-OSs (i.e. C 9 and C 10 ), and 40 compounds to SQT-OSs (i.e. C 14 and C 15 ). Thus, ,33 % of all detected OSs were attributed to terpenoid compounds for the NCP samples (Table S3 , Supplementary Material). In comparison to the MEL samples, the lower abundance of terpenoid OSs was also visible from the carbon number distribution for aliphatic OSs, which exhibited a maximum for C 8 compounds (Fig. S5 , Supplementary Material). In addition to monoterpenes, smaller OSs might derive from greenleaf volatiles or even smaller compounds, e.g. methyl vinyl ketone and methacrolein, after oligomerisation, as reported by previous studies (Barbosa et al. 2017; Nozière et al. 2010; Shalamzari et al. 2014 Shalamzari et al. , 2016 . For example, several C 6 -C 9 green leaf volatile-derived OSs, such as C 6 H 10 O 6 S, C 6 H 12 O 6 S, C 6 H 10 O 7 S, and C 9 H 18 O 7 S, have been reported earlier (Barbosa et al. 2017 ) and were abundant in NCP samples. This is the first study attempting to quantify the specific OS contributions from known and unknown MT-OSs and SQT-OSs. However, since the assignment of terpenoid OSs is mainly based on the presence of sulfate functionalities, the absence of aromaticity, and carbon numbers of the corresponding MFs, we note that the total number of individual MT-OSs and SQT-OSs is rather representative of a lower limit. As shown by previous studies (Chan et al. 2011; Surratt et al. 2008) , OSs with significantly smaller carbon numbers than 9-10 and 14-15 might originate from MTs and SQTs, respectively. However, to avoid potential overestimations of terpenoid OSs, we decided to exclude such short-chain OSs from any specific source assignments. Furthermore, we note that for both sites, the number of isoprene-derived OSs may be substantially higher than the values determined here. To avoid potential matrix effects (e.g. ion suppression), we excluded all ions from our data analysis with retention times close to the dead time of the LC system. Isoprene OSs -which are commonly small and polar, and thus, exhibit short retention times in reversed-phase LC -therefore, might have been excluded from any further data analysis.
OSs quantification using authentic and surrogate standards In analytical and atmospheric chemistry, it is a common practice to circumvent the lack of authentic standard compounds by using surrogate compounds, which resemble the analytes of interest in molecular properties such as the molecular formula or the presence of functional groups (Nozière et al. 2015) . Such approaches are valuable tools and can aid in approximating the concentrations of otherwise unquantifiable compounds. However, the application of inappropriate surrogates can easily lead to strongly biased estimates, and thus, to improper and erroneous interpretations. The identification of suitable surrogates and an assessment of uncertainties is, therefore, essential in such approaches.
Thus, as the first step, we obtained calibration curves for a range of authentic terpenoid OSs (i.e. 2-hydroxy-a-pinene OS, 2-hydroxy-carene OS, limonaketone OS and 2-hydroxy-bcaryophyllene OS), and commonly applied surrogate OSs, which included octyl sulfate (Glasius et al. 2018a; Gómez-González et al. 2012; Ma et al. 2014; Nguyen et al. 2014 ) and camphorsulfonic acid (He et al. 2014; Kristensen and Glasius 2011; Worton et al. 2011) . As shown in Fig. 2 , the calibration curves for these compounds can differ by up to two orders of magnitude. In general, authentic terpene-derived OSs were found to show the lowest response curves in our study. Moreover, one of the most widely used proxy compounds, i.e. octyl sulfate (Ma et al. 2014; Nguyen et al. 2014; Riva et al. 2016b; Wang et al. 2018b) , exhibits a strongly enhanced response in electrospray ionisation compared with other commonly used proxies and with the authentic terpene-derived OSs. Such an enhanced calibration function would result in an underestimation of the actual OSs concentration in ambient particulate matter (PM) samples. Consistent with our results, Wang et al. (2017b) also found a much larger response of octyl sulfate compared with other authentic OSs and surrogate compounds in ESI-MS. Therefore, it seems likely that previous studies that applied this compound as a calibration proxy significantly underestimated the ambient OS concentrations. For future studies, we recommend to avoid using octyl sulfate as a surrogate for terpenederived OS quantification. Instead, as suggested by others Wang et al. 2017b ), camphor-10-sulfonic acid should rather be used as the surrogate standard of choice if no other authentic OSs are available.
Here, quantification of the authentic terpenoid OSs in the PM 10 samples was conducted using the obtained calibration curves for each of the compounds. To quantify other known and unknown terpenoid OSs, we applied an average calibration curve for MT-OSs from 2-hydroxy-a-pinene OS, 2-hydroxycarene OS and limonaketone OS (Fig. S6, Supplementary  Material) . For the quantification of SQT-OSs, the calibration curve of 2-hydroxy-b-caryophyllene OS was applied (Fig. S7 , Supplementary Material). 
Quantification of terpenoid OSs
Despite the rather qualitative molecular characterisation based on the assigned MFs, the large number of sulfur-containing compounds for NCP clearly indicated significant differences in the abundance and variety of OSs between summertime PM 10 from the two sites. As shown in Fig. 3a , for MEL, the concentrations of the 52 MT-OSs exhibited almost no difference between day and night samples, which yielded median concentrations of 12.15 ng m À3 and 12.42 ng m À3 respectively. The variability of the night-time concentrations was somewhat larger with a total range of 1.32 to 88.57 ng m
À3
, whereas the daytime concentrations were all between 3.96 and 55.14 ng m
. We note that although OSs are photochemically formed during the daytime (Surratt et al. 2008) , the total concentrations can be higher during the night-time because the nocturnal mixing layer heights are typically lower, which thereby, enrich the tropospheric constituents. Total MT-OS concentrations for each day are shown in Fig. S8 (Supplementary Material) .
Previously, Glasius et al. (2018a) found total concentrations of .190 ng m À3 for five MT-OS tracers in wintertime PM 10 from MEL that were also observed in our study (Table 1 and  Table S4 , Supplementary Material; 249, 251, 267, 279) . However, they suggested biomass burning from domestic heating as the major source for such large OS concentrations. Thus, these results are probably not representative for summertime PM 10 from MEL, which we focussed on in our study. Measurements of two MT-OSs in springtime PM 1 samples from rural Denmark by Kristensen and Glasius (2011) (Yttri et al. 2011) . In agreement, such MT-OS species were also clearly abundant in the PM 10 samples from MEL; however, they yielded much larger average concentrations. For the 3-carene-derived MT-OS 249 (C 10 H 18 O 5 S, m/z 249.0806, [M-H] À , RT ¼ 5.9 min), we determined an average concentration of 0.59 ng m
. Similarly, the average concentration of the isomeric a-pinene-derived OS at RT ¼ 6.7 min was determined to be 0.57 ng m À3 . In addition to these two OSs, we observed five more isomeric C 10 H 18 O 5 S compounds at different retention times, which yielded an overall average concentration of 1.87 ng m À3 for the sum of all seven isomeric MT-OSs. However, for the MT-OS 279 (C 10 H 16 O 7 S, RT ¼ 1.07 min), we found only one isomer, so a rather large average concentration of 1.58 ng m À3 was determined (Table 1 ). In addition to the potential biases caused by the use of different OS surrogate standards, these elevated concentrations most probably arise from enhanced anthropogenic influences at MEL compared with the Northern European sites, which yielded larger concentrations in particulate sulfate as well as SO 2 , which are indispensable for OS formation (Glasius et al. 2018a) . This is further supported by earlier studies conducted in Eastern Germany (Iinuma et al. 2007a ), which reported a concentration range of 1 to 9 ng m À3 for the b-pinene-derived OS with the MF C 10 H 18 O 5 S (m/z 249.0806, [M-H] À ). Compared with the MEL samples, the total concentrations of MT-OSs in the PM 10 samples from NCP were much larger ( Fig. 3b; Fig. S8, Supplementary Material) . For the night-time samples, the median concentration was 26.49 ng m À3 , and thus, was already more than twice the median concentrations for the MEL samples. Additionally, the median daytime concentration was more than three times the MEL concentration, and was determined as 38.19 ng m À3 of MT-OSs over the measurement period. In this case, the variability of the daytime samples was typically somewhat larger with a total range of 6.89 to 85.33 ng m
. For the night-time samples, we found .90 % of the MT-OS concentrations between 9.65 and 54.01 ng m
. Nonetheless, we note that the largest overall MT-OS concentration for NCP was observed at night (i.e. 113.72 ng m À3 ). Earlier, Wang et al. (2018b) determined an average concentration of 0.06 ng m À3 for an a-pinene-derived OS (C 10 H 18 O 5 S, RT ¼ 22.7) in summertime PM 10 at a field site ,200 km north-east of the NCP site. Taking four additional isomeric MT-OSs from bpinene and limonene into account, they found an average concentration of 0.51 ng m À3 for MT-OSs with the MF C 10 H 18 O 5 S. However, we note that the b-pinene-derived OS alone accounted for 0.4 ng m À3 in that study, and thus, was ,10 times larger compared with all other MT-OSs. In contrast, we found an average concentration of 0.01 ng m À3 for 2-hydroxy-3-carene OS (m/z 249.0806, RT ¼ 5.9 min) and only one further isomeric OS derived from a-pinene (RT ¼ 6.7 min), which together gave an average concentration of 0.09 ng m À3 (Table S5 , Supplementary Material). Thus, we could not detect a similarly increased concentration of b-pinene-derived OSs, which could significantly enhance the total MT-OS concentrations. In agreement with our results, previous studies in China found rather low average concentrations for terpene-derived OSs with the MF C 10 H 18 O 5 S. For example, Ma et al. (2014) found average concentrations of 0.087-0.366 ng m À3 in PM 2.5 samples from urban Shanghai. Wang et al. (2017b) determined slightly higher average concentrations of 0.5 ng m À3 in PM 2.5 from Hong Kong. Nonetheless, the total MT-OS concentrations probably differ largely depending on the sampling location and the source of the arriving air masses. Thus, the rather low concentrations of specific MT-OSs observed for NCP were not necessarily representative for other parts of China, but rather reflect the local environment. In particular, we did not observe any limonaketone OSs (C 9 H 16 O 6 S, m/z 251.0595, [M-H] À , RT ¼ 1.07), which has previously been suggested to be a later-generation OS (Wang et al. 2017b) , which thus indicated the local MT-OS formation at the NCP site. Moreover, as discussed below, several other MT-OSs were detected with much larger concentrations, which were never quantified in previous studies.
Although the concentrations for specific MT-OSs might differ significantly between the two sites, we found 13 identical MT-OSs (i.e. consistent m/z, RT, and MF) at both sites in addition to 39 and 41 MT-OSs that were only detected for the MEL and NCP samples, respectively (Fig. 1c) . Remarkably, these 13 common MT-OSs equally accounted for a major fraction of the total MT-OS mass concentrations at both sampling locations. As can be seen from Table 1 , we determined an average mass concentration of 11.95 ng m À3 for these 13 MTOSs in MEL, which contributed more than 60 % to the average mass concentration of all MT-OSs, which was at 19.91 ng m À3 over the entire measurement period. For the NCP samples, the average concentrations of the 13 MT-OSs were typically larger, and gave a total average concentration of 18.17 ng m
. Nonetheless, since the concentrations of all MT-OSs were elevated (i.e. an average concentration of 35.86 ng m À3 ), the relative contribution of the 13 common MT-OSs was slightly lower in this case, but still accounted for a major fraction, with ,51 % of the total MT-OSs concentration. We note that 10 of the 13 common MT-OSs were rather polar and eluted simultaneously from the LC column, which resulted in relatively short retention times of 1.07 min. Since the dead time of the LC system was 0.79 min, we can largely exclude the co-elution of inorganic sulfates for these species, and thus, the corresponding matrix effects during the quantification. However, the sulfate fragment detection in AIF mode might have been affected by the coelution of these MT-OSs, hence, reducing the selectivity of the OS identification approach. Interestingly, for both sites, we observed the largest single MT-OS contribution for MT-OS 267 (C 9 H 16 O 7 S, RT ¼ 1.07 min). This MT-OS alone yielded mean concentrations of 2.23 and 6.38 ng m À3 for MEL and NCP, and thus, accounted for 11.18 % and 17.78 % of the average MT-OS concentrations respectively. Previous studies have shown that this OS is formed from limonene oxidation products in the presence of acidic sulfate aerosol (Surratt et al. 2008) , or even directly from reactions of gaseous SO 2 with stabilised Criegee intermediates and organic peroxides from limonene ozonolysis (Ye et al. 2018) . Nonetheless, Riva and co-workers found OSs of the same MF also in SOA from isoprene ozonolysis (Riva et al. 2016b ) and photooxidation of decalin (Riva et al. 2016a ). Because of the rather different sources, it can be assumed that the structures of these OSs should differ from each other significantly. Accordingly, we observed five different isomers for C 9 H 16 O 7 S in the entire dataset, three of which were detectable at both sites (RT ¼ 1.07, 3.95, 4.87 min), whereas two were unique (i.e. RT ¼ 5.68 min for MEL, and RT ¼ 6.13 min for NCP). Nonetheless, at both sites, the isomer at RT ¼ 1.07 min was the sole major contributor to MT-OSs. Although we were unable to unambiguously identify the exact source of this isomer from the observed RT, our findings indicate a pervasive abundance of this compound in ambient aerosols, thus suggesting limonene as the most probable precursor, which is globally emitted in large amounts from the biosphere. Similarly, we assume biogenic precursors for the other 12 common MT-OSs, since they were highly abundant at the rural background station MEL with rather low to medium impacts from anthropogenic emissions, but were also abundant at the NCP sampling site with strong anthropogenic emission sources nearby.
Remarkably, at both sites, the concentrations of single and total MT-OSs were considerably lower than previously reported for isoprene-derived OS in urban summertime PM 2.5 from the south-eastern United States. As described by Hettiyadura et al. (2019) , an average concentration of 1792 ng m À3 was determined for methyltetrol sulfate, which accounted for 12.6 % of PM 2.5 OC alone. Other isoprene-derived OSs showed significantly lower concentrations of 1-131 ng m À3 , which were still larger than most of the MT-OS concentrations determined for MEL and NCP. Similarly, three potential MT-OS species, detected in that study, exhibited an average concentration of 7-12 ng m À3 , thus, were at least 3 times larger compared with MEL and NCP. To some extent, these strongly elevated concentrations might be connected to the urban sampling location. This was further supported by measurements at rural sampling locations in the same region, which gave somewhat lower OS concentrations (Hettiyadura et al. 2017; Rattanavaraha et al. 2016) . Nonetheless, concentrations for single isoprene-derived OSs were still reported to be in the range of 0.2 to 668 ng m
, and thus, larger than most MT-OS concentrations determined in our study. Similar concentrations of isoprene-derived OSs were also found in aerosols downwind of an urban region in central Amazon (Glasius et al. 2018b ). It should, however, be noted that isoprene and monoterpene emissions are ,10 times larger in the southeastern United States and the Amazon region compared with the MEL and NCP sites (Guenther et al. 2012) . Therefore, the determined concentrations of single and total MT-OSs were in agreement with the abundance of the corresponding precursors.
In contrast to MT-OSs, the total number and concentrations of SQT-OSs exhibited significant differences for the two sites. As depicted in Fig. 1d , we observed 17 SQT-OSs in the MEL samples, whereas the total number of assigned SQT-OSs was 40 for the NCP samples, and thus, was more than doubled. Consistently, the total concentrations of SQT-OSs were larger in NCP, with median concentrations of 3.90 and 3.39 ng m À3 for the daytime and night-time samples respectively (Fig. 4b) . Overall, the variability of day and night concentrations was rather similar exhibiting 90 % of the concentrations in the range of 1.36 and 13.24 ng m À3 respectively. However, as already seen for the MTOSs, the largest concentration was observed at night, and added up to 20.94 ng m À3 of SQT-OSs. The largest single contributor to SQT-OS concentrations was C 14 H 28 . Previously, up to 10 isomers of this compound have already been detected in summer-and wintertime PM 2.5 at urban sites along the Yangtze River in China (i.e. Wuhan, Nanjing and Shanghai) (Wang et al. 2016) , in Los Angeles (USA) (Tao et al. 2014) Tables S4 and S5 in the Supplementary Material for more details).
As shown in Fig. 4a , median SQT-OS concentrations in MEL were lower by a factor of 5-13, which yielded 0.30 and 0.64 ng m À3 for day and night respectively. The total range of night-time SQT-OS concentrations was much larger in this case, i.e. 0.11-4.57 ng m
, compared with the total range of daytime concentrations, i.e. 0.08-0.81 ng m À3 . The largest single contributor to SQT-OS concentrations was SQT-OS 309b (C 14 H 30 O 5 S, RT ¼ 14.98 min, Table 1 ), which accounted on average for 0.35 ng m À3 with maximum concentrations of up to 4.41 ng m À3 . This compound was also detected at the NCP site; however, yielded concentrations below the limit of quantification (,0.004 ng m À3 ). Moreover, isomers of this compound were previously detected in PM 2.5 from Shanghai and Wuhan (Tao et al. 2014; Wang et al. 2016) , and in laboratory studies on diesel photooxidation products (Blair et al. 2017) . None of these studies reported any quantitative data. Moreover, since either no information on structural isomers was given (Blair et al. 2017; Tao et al. 2014) , or up to seven isomers were observed (Wang et al. 2016) , it was not possible to assign a certain source to the large concentrations observed for SQT-OS 309b at MEL.
Of all SQT-OSs detected in our study, only five were observed at both sites. As shown in Table 1 , these five common SQT-OSs were major contributors to the total mass concentrations of SQT-OSs in MEL, summing to 0.41 ng m À3 , i.e. more than 55 % of the average SQT-OS mass concentration. Similarly, for the NCP samples, the average mass concentration of the five common SQT-OSs was 0.30 ng m
. However, owing to larger contribution from other SQT-OS, this equated to only ,5.3 % of the total SQT-OSs concentration.
For the b-caryophyllene derived SQT-OS 317 (C 15 H 26 O 5 S, RT ¼ 10.45 min), which we used as a surrogate standard for SQT-OS quantification, we found rather low concentrations at both sites. For MEL, we observed average concentrations below the limit of quantification (i.e. # 0.004 ng m À3 ). At NCP, concentrations for SQT-OS 317 were larger, but still rather low, and gave an average of 0.01 ng m À3 and a maximum of 0.06 ng m
. Thus, b-caryophyllene OS was a major contributor to SQT-OS at neither of the sites. Further details on the single and total SQT-OS concentrations are given in the Supplementary Material (Fig. S9 , Tables S4 and S5) . This is the first study attempting to quantify the contributions from SQT-OSs in ambient aerosol. Previously, Chan and coworkers attempted to determine b-caryophyllene OS in PM 2.5 in downtown Atlanta and at a rural station outside of the city. However, owing to the lack of authentic standards, only relative values were reported (Chan et al. 2011) . Moreover, several studies have detected potential SQT-OSs at different locations, such as Shanghai (China) and Los Angeles (USA), using highresolution MS techniques (Tao et al. 2014; Wang et al. 2016) . Nonetheless, again no quantitative data were obtained.
Correlations of MT-OSs and SQT-OSs
In agreement with previous studies, we observed positive linear correlations between particulate sulfate, ammonium and MT-OS concentrations for MEL and NCP (Fig. S10, Supplementary  Material) , which indicated acid-catalysed formation of MT-OSs from organic precursors and sulfate (Iinuma et al. 2009; Surratt et al. 2008) . Consistently, we observed a positive linear correlation between several MT oxidation products and MT-OS concentrations at the MEL site (Fig. 5a ). Similar observations have been reported before for measurement sites in Europe Nguyen et al. 2014) , and further support the formation of MT-OSs from volatile MTs and particulate sulfate. However, as shown in Fig. 5b , for the NCP samples, only a very weak negative correlation was visible, which indicated different formation pathways for MT-OSs and the MT oxidation products. In principle, the low correlation at NCP might be caused to some extent by wrongly assigned MTOSs that actually originated from anthropogenic sources, as was previously observed by Riva et al. (2016a) . However, because we observed this discrepancy also for the 13 common MT-OSs detected at both sites, the major mass fraction of identical MTOSs exhibited different trends for both MEL and NCP. Therefore, it seems unlikely that anthropogenic OS precursors at NCP caused the weak correlation between MT oxidation products and MT-OSs. Further supporting this hypothesis, there was neither a correlation between the total abundances of the alkane-specific OS tracer C 12 H 24 O 5 S (Riva et al. 2016a ) and MT-OS concentrations (R 2 # 0.035) nor between these abundances and SQT-OS concentrations (R 2 # 0.012) (Figs S11 and S12, Supplementary Material). Moreover, no correlation between MT-OS concentrations and residence times of the backward trajectories over urbanised areas, agricultural areas or natural vegetation could be observed (Fig. S13, Supplementary Material; van Pinxteren et al. 2010 ). Thus, it seems rather likely that formation of the selected MT oxidation products (i.e. carboxylic acids) was in strong competition at the NCP site with reactions yielding a variety of other N-and S-functionalised compounds, such as OSs, organonitrates and nitrooxyorganosulfates. In particular, since several early-generation MT oxidation products, e.g. epoxides and peroxides, are known precursors for OS formation (Iinuma et al. 2009; Riva et al. 2016a; Surratt et al. 2008) , the large excess in particulate sulfate and NO x might have suppressed the formation of later-generation MT oxidation products, such as carboxylic acids. Such an inhibition of certain oxidation pathways would explain the weak correlation between MT-OSs and selected MT oxidation products. Detailed concentrations of MT oxidation products are given in the Supplementary Material (Figs S14 and S15).
We note that the formation of OSs instead of carboxylic acids might significantly enhance the total PM mass concentrations, owing to the stronger partitioning of the products into the particle phase caused by a large decrease in volatility upon incorporation of a sulfate functionality into a molecule. Furthermore, the molecular weight of OSs is larger than that for the corresponding carboxylic acid because of the large molecular weight contribution from sulfate, which eventually also increases the total PM mass. Moreover, the suppressed formation of carboxylic acids in the presence of large amounts of particulate sulfate and NO x might have important implications for past and future source apportionment studies, since such MT oxidation products have previously been used extensively as tracer compounds for biogenic SOA Wang et al. 2017a; Yttri et al. 2011) . Thus, such studies might have underestimated the biogenic contributions to the total PM concentrations. In addition to MT-OSs, we also observed rather large concentrations of SQT-OS for the NCP samples, which accounted for ,15 % of the MT-OS mass concentrations. As shown in Fig. 6b , a linear correlation between MT-OS and SQT-OS mass concentrations was found for the campaign period at NCP. Although significantly less studied than MT-OSs, the formation of SQT-OSs is believed to follow similar formation pathways and include reactive SQT oxidation products and particulate sulfate (Chan et al. 2011) . The observed correlation for NCP supports this hypothesis, and furthermore, suggests similar sources of MTOSs and SQT-OSs. Thus, the determined SQT-OS concentrations can clearly be linked to SQT emissions of biogenic origin, which interact with particulate sulfate of anthropogenic origin.
In contrast to the SQT-OS correlations for the NCP site, we could not observe such trends for the MEL samples (Fig. 6a) . Concentrations of MT-OSs and SQT-OSs exhibited no correlation, and the largest SQT-OS concentrations were detected for some of the lowest MT-OS concentrations. The missing correlation between MT-OS and SQT-OS might indicate different sources for the two compound classes at MEL. However, as this seems unlikely for a rural background site without larger anthropogenic emissions nearby, particle acidity might play a key role in SQT-OS formation and abundance. As previously noted by Chan and co-workers (2011) , several SQT-OSs from laboratory studies of b-caryophyllene oxidation could not be observed in field samples from Atlanta (USA) and its surroundings. They attributed this lack of SQT-OSs to an insufficient particle acidity of the ambient aerosol, which did not allow for the formation of SQT-OSs from b-caryophyllene. In agreement with this assumption, we observed much higher acidities for the PM samples from NCP compared with samples from MEL. Using the neutralisation ratio (NR, Zhang et al. 2007 ) as an estimate of particle acidity, the MEL samples exhibited a median NR of 1.0, i.e. the particles were most of the time fully neutralised. In contrast, for the NCP samples, we found a median NR of 0.7, which indicated that particles were quite acidic for a major part of the measurement period. Similarly, Liu et al. (2017) determined the particle pH values for NCP to be typically in the range of 2.8 to 4.8, but even reached down to pH values of 2 during daytime. Such extremely acidic conditions might be necessary for the formation of SQT-OSs, and thus, explain the contrasting trends observed for MEL and NCP.
Conclusions
In the present study, we quantified the total contributions of known and yet unknown terpenoid OSs to PM 10 at a rural background site in Europe (MEL) and at a regional background site of the North China Plain (NCP) in summer 2014. We applied a non-target and a suspect analysis approach using LC-HR Orbitrap MS in different scan modes (i.e. full scan, data-dependent MS/MS, all-ion-fragmentation) to identify potential MT-OSs and SQT-OSs. For MT-OSs quantification, an average calibration curve from three authentic standards (i.e. 2-hydroxy-a-pinene OS, 2-hydroxy-carene OS and limonaketone OS) was calculated. To determine the SQT-OS concentrations, a calibration curve of 2-hydroxy-b-caryophyllene OS (C 15 H 26 O 5 S, RT ¼ 10.45 min) was applied. Based on a comparison to other frequently used OS surrogates and in agreement with previous studies, we recommend avoiding the use of octyl sulfate for terpene-derived OSs quantification in future studies. Instead, camphor-10-sulfonic acid is promoted as an appropriate surrogate of choice if no other authentic OSs are available. Moreover, we stress that the identified major contributors to MT-OS and SQT-OS concentrations at MEL and NCP should be regarded as potential targets for future authentic standard development and synthesis, which is necessary to determine their atmospheric concentrations with high accuracy. From the analysis of the MEL samples, we identified 52 compounds as MT-OSs (i.e. C 9 and C 10 ), and 17 compounds as SQT-OSs (i.e. C 14 and C 15 ) out of the 148 potential OSs. For NCP, 287 compounds were identified as potential OSs, 54 of which were assigned to MT-OSs, and another 40 to SQT-OSs. Thus, ,47 % and 33 % of all detected OSs were assigned to terpenoid compounds for the MEL and NCP samples respectively. Remarkably, 13 MT-OSs were highly abundant at both sites, and contributed .50 % to the total MT-OS concentrations. Moreover, MT-OS 267 (C 9 H 16 O 7 S, RT ¼ 1.07 min) was the largest single contributor, with average mass concentrations of 2.23 and 6.38 ng m À3 for MEL and NCP respectively. The pervasive abundance of MT-OS 267 is in agreement with previous studies, and suggests limonene as a potential source. Based on their large concentrations under quite different anthropogenic influences, we also assume biogenic precursors for the other 12 MT-OS detected at both sites. In general, we observe linear correlations between MT-OSs, particulate ammonium and sulfate, which indicates that lower pH values and the presence of sulfate promote MT-OSs formation. However, a decoupled behaviour for MT oxidation products and MT-OSs was observed for NCP and might indicate a suppression of carboxylic acid formation under high NO x and particulate sulfate concentrations, which favour the formation of OSs and other functionalised S-and N-containing compounds.
Besides the potential influences from sulfate and NO x , particle acidity was found to play a crucial role in SQT-OSs formation, which led to major differences in SQT-OS abundances at the two sites. In particular, we observe that particle acidity was not sufficiently high at the MEL site for SQT-OS formation. In agreement, we observed much stronger acidities for the PM samples from NCP compared with the samples from MEL. The largest single SQT-OSs contributor at NCP was C 14 H 28 O 6 S (m/z 323.1539, [M-H] À , RT ¼ 10.25 min), which accounted on average for 0.58 ng m À3 . In contrast, at MEL, the largest contribution to the SQT-OSs concentration was found to be from SQT-OS 309b (C 14 H 30 O 5 S, RT ¼ 14.98 min, Table 1 ), which accounted on average for 0.35 ng m
À3
. Our results indicate that, in particular for regions with higher aerosol particle acidity, the SQT-OSs concentration can account for a substantial, yet rather underestimated, fraction of the total OSs.
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